ABSTRACT: The Columbia River estuary is traditionally considered a detritus-based ecosystem fueled in summer by organic matter (OM) from expired freshwater diatoms. Since estuarine turbidity maxima (ETM) are sites of accumulation and transformation of this phytoplankton-derived OM, a project was undertaken to further characterize the ETM protist assemblage by collecting and analyzing bottom and surface water samples throughout an ETM event in August 2007. Biogeochemical, microscopic and molecular (18S rRNA gene clone libraries) analyses were performed. The data confirmed that the majority of the particulate OM in ETMs is derived from chl apoor particulate organic carbon tagged by DNA that is too damaged to be detected by molecular analysis. The phylogeny of the diatoms uncovered in our clone libraries demonstrated that the fresh, labile particulate OM fraction of the ETM has a marine origin. In addition, the detection of DNA from dead Myrionecta rubra cells from red tide bloom decay in the pre-ETM bottom waters suggests a transient autochthonous input into the OM pool of estuarine bottom waters. Furthermore, the discovery of Katablepharis sequences associated with the ETM event during a period when this flagellate is not abundant in the estuary water column indicates that ETMs enable the retention of this microeukaryote within the estuarine system. These findings challenge the traditional view of freshwater-derived detritus-based turbidity maxima, and imply multiple sources of OM to the Columbia River ETMs. These ETMs are thus sites of effective transformation of freshwater, marine and estuarine OM inputs, as well as refugia for ecologically relevant protists.
INTRODUCTION
The Columbia River is the second largest North American river in terms of annual river discharge (2 × 10 11 m 3 yr −1
) (Frey et al. 1984 , Sullivan et al. 2001 , and its large and complex coastal plume is tightly connected with its estuary, which is located in a narrow drowned river valley bordered by the states of Washington and Oregon (Fig. 1) . The estuary is affected by mixed semi-diurnal tides (Jay 1984) , but is also influenced by large river inputs that create a turbulent environment characterized by short residence times (0.5 to 5 d; Neal 1972 ) and stratification which varies in strength both tidally and seasonally. The maximum river discharge occurs in late spring due to the melting of accumulated snowpack in the drainage basin throughout the winter, while the lowest discharge typically occurs in summer. The river is characterized by relatively high freshwater primary productivity (mostly diatoms) in spring and summer (Sullivan et al. 2001) . Periods of coastal upwelling of nutrient-rich water, which are coupled with heightened coastal primary productivity, are also frequent during the summer in this region.
These rich sources of primary productivity (river and ocean) do not translate into high estuarine primary productivity, however, because the high flushing times and light-limiting turbidity maintain low levels of phytoplankton standing stocks and primary production in the Columbia River estuary. Indeed, estuarine phytoplankton biomass is low because rapid flushing of the estuary provides limited time for the estuarine phytoplankton population to develop (Sullivan et al. 2001) or for riverine phytoplankton to acclimate to mixing conditions. Thus, the prevailing estuarine conditions lead to the osmotic rupture of many live freshwater phytoplankton cells, which encounter increasing salinity (with values of 1−5) as they enter the estuary (Haertel et al. 1969 , Lara-Lara et al. 1990a . Since turbidity in the estuary is high (Haertel et al. 1969) , light is limiting for photosynthesis and the estuarine primary productivity of this small phytoplankton standing stock is low. Therefore, most of the estuarine organic matter (OM) is in the form of detritus delivered from the adjacent river and ocean, which is then consumed by an active microbial community that can support up to 84% of the secondary production in the estuary (Simenstad et al. 1990 ). Thus, in contrast to most large North American estuaries, the Columbia River estuary is commonly considered a detritus-based ecosystem.
A large fraction of the estuary's secondary production (including that accomplished by zooplankton and bacteria) takes place in the estuarine turbidity maxima (ETM), which are sites of OM accumulation, heightened microbial activity, and grazing (Simenstad et al. 1994 , Crump & Baross 1996 , Prahl et al. 1997 , Crump et al. 1998 , 1999 . The Columbia River ETMs can therefore be considered as estuarine hydrodynamic traps that act as bioreactors, mediating biogeochemical reactions that transform and remove river-borne biogenic inputs. These ETMs are, therefore, essential biogeochemical interfaces between the Columbia River watershed and the coastal northwest Pacific Ocean (Prahl et al. 1997 ). These transient lower estuary sedimentary features are generated during tidal reversals and are formed as the deep salinity intrusion interacts with residual bottom currents (Jay & Musiak 1996) . ETMs are characterized by concentrations of suspended particulate matter ≥50 mg l −1 , but their intensity varies (50 to > 200 mg l −1 ) according to season, diurnal tidal cycles, and spring or neap tidal cycles. Larger ETMs are usually observed during spring flood tides (Small & Morgan 1994 , Small & Prahl 2004 and are often associated with significant particle resuspension from the estuary bottom. In contrast, low amplitude (neap) tides typically allow greater trapping of river-derived particles. ETMs are thus ephemeral features that oscillate on a fortnightly time-frame, gaining new bioactive materials during neap tide stratification and eroding microbiologically transformed bioactive materials (characterized by low chl a content of the suspended particulate matter organic carbon fraction (chl a:POC)) during spring tide mixing (Small & Prahl 2004 ). This trapping and resuspension continuum has been described as a conveyor belt process (Small & Prahl 2004) .
ETMs are hotspots of microbial activity (Crump & Baross 1996 , Crump et al. 1998 , 1999 , indicating that the OM accumulated during neap tides is highly labile. The source and nature of the OM present within ETMs have been inferred using biogeochemical approaches (Small & Morgan 1994 , Prahl et al. 1997 , Small & Prahl 2004 ), but detailed investigations of the phytoplankton POC have not been undertaken. Biogeochemical data support the notion that POC in the estuary water column (including ETMs) during spring and summer is dominated by expired freshwater phytoplankton (Lara-Lara et al. 1990a , Prahl et al. 1997 , Sullivan et al. 2001 . However, direct inspections of protist assemblages in estuarine non-ETM waters using microscopic observations and/or analyses of partial 18S rRNA gene sequences suggest that marine phytoplankton can also contribute significantly to estuarine POC (Haertel et al. 1969 , Amspoker & McIntire 1986 . Although the relative contribution by marine phytoplankton varies in time (being more prevalent during the highly productive upwelling summer events) and space (being more predominant in the higher salinity bottom waters found near the mouth), marine sources should contribute to POC that is concentrated hydrodynamically in the ETM. In order to test the hypothesis that marine taxa can contribute significantly to OM concentrated in the ETM, we analyzed the protist assemblages associated with the development of an ETM in the Columbia River estuary. This ETM occurred during a spring flood tide with low river flow, when the contribution from oceanic sources would be expected to be greatest. The objective was to estimate an upper limit for the contribution of marine OM to the estuary. In conjunction with biogeochemical and microscopic analyses, we used a molecular approach (construction of 18S rRNA gene clone libraries) to characterize the protist assemblage, since molecular studies in aquatic systems have often revealed higher levels of protist diversity than is apparent from light microscopy, including the discovery of novel lineages (e.g. Diez et al. 2001 , López-García et al. 2001 , Moon-van der Staay et al. 2001 , Savin et al. 2004 , Lefranc et al. 2005 ). This has especially been true for picoeukaryotes that often remain uncharacterized in microscopic observations because of missing distinctive morphological features. Given that ETMs are characterized by an elevated retention time and have been shown to host a unique particle-attached bacterial assemblage, such molecular characterization of the protist assemblage might also lead to the discovery of new unicellular picoeukaryotes that might inhabit these microbial hotspots of the Columbia River estuary.
MATERIALS AND METHODS

Sample acquisition
During a research cruise aboard the RV 'Barnes', a time series was carried out on 26 August 2007 in the south channel of the Columbia River estuary to capture a spring flood tide ETM event (see Figs. 1 & 2) . Samples were collected using a high volume, low pressure, air driven pump attached to a cage bearing a conductivity-temperature-depth (CTD) sensor (Seabird) coupled to a fluorometer and optical backscatter (FLNTU) sensor (Wetlab) . Salinity values are re ported using the practical salinity scale. Water samples were collected 1 m above the bottom at 5 time points: (1) before the ETM started to capture the background protist community, (2) as the ETM increased, (3) during the peak of the ETM, (4) as the ETM decreased, and (5) after the ETM event. Water was also collected during the peak of the ETM at 1 m below the surface.
Light microscopy
For cell counts, water samples (40 ml) were fixed with formaldehyde (final concentration: 4%) at room temperature for 1 h and stored at −20°C for a week before being brought to the lab where they were placed at −80°C until analysis. The samples were then thawed and 25 ml was allowed to settle overnight according to the Utermöhl method (Utermöhl 1931 , 1958 . A minimum of 100 cells were counted per sample using an inverted microscope (Apotome, Zeiss). Our samples were collected during a bloom of the photosynthetic ciliate Myrionecta rubra in the Columbia River estuary; although this ciliate is known to be extremely fragile, the approach employed here to detect M. rubra cells by light microscopy has been validated in an earlier study (Herfort et al. 2011) in which (1) cells were still clearly visible when present, although they are often damaged when fixed with formaldehyde and stored frozen, and (2) similar M. rubra cell counts were obtained when comparing samples processed as described above to those fixed with Lugol's iodine (final concentration: 1%) and stored at 4°C. The abundance of protists other than diatoms, Cyanobacteria, chlorophytes and M. rubra (e.g. other ciliates, dinoflagellates or cryptophytes) were not determined by microscopy. Cell counts of both live (containing chloroplasts) and dead diatoms (empty diatom frustules, with no apparent chloroplasts) were directly estimated by light microscopic examination of formaldehyde fixed samples using the approach mentioned above.
18S rRNA gene clone libraries
Nucleic acids were extracted from collected samples as described in Herfort et al. (2011) . Briefly, 1 l of water was collected and immediately filtered through 0.2 µm pore size Sterivex filters (PES, ESTAR, Millipore) using a peristaltic pump. Samples were then fixed with 2 ml of RNAlater (Ambion) and stored at −80°C until processing. A phenol-based extraction (Herfort et al. 2011 ) was performed twice for each Sterivex filter (with one Sterivex filter per sample) and extracts were combined. Eukaryotic DNA encoding 18S rRNA genes was amplified, cloned and sequenced as described in Herfort et al. (2011) . Briefly, PCR was carried out using the eukaryote-specific primers EukA (5'-AAC CTG GTT GAT CCT GCC AGT-3') and EukB (5'-TGA TCC TTC TGC AGG TTC ACC TAC-3') (Diez et al. 2001) . PCR products were ligated into a TOPO vector (pCR 2.1, Invitrogen) and used to transform chemically competent Esche richia coli cells (One Shot Top 10, Invitrogen). For each sample, two 96-well microtiter plates (192 clones) were sequenced at the Genome Sequencing Center at Washington University (St. Louis, MO, USA) using the primer set mentioned above.
The 2 sequences generated using primers EukA and EukB were separately submitted to BLASTN for analysis, searching the NCBI non-redundant nucleotide database (downloaded on Dec 16, 2010) for homologous sequences, because sequencing reads from the 2 primers used (EukA: position ~1−20 and EukB: position ~1780−1800) did not overlap (while in theory, Sanger sequencing gives 800−1000 bp reads and thus 2 such reads -one starting at the beginning and the other at the end of the 18S rRNA genecould be long enough to meet in the middle of thẽ 1800 bp 18S rRNA gene; toward the end of the read, the sequence data is very poor in quality and error prone such that trying to identify the overlap would be unreliable). These data were used to screen for poor sequence reads and reads consisting of only vector sequences. The remaining results were limited to significant hits (at least 300 bases aligned, an expectation value ≤1e−80, and percent identity ≥96%). For each read, after filtering using the above criteria, the top BLAST hits (up to a maximum of 50 hits) were listed and evaluated to determine if the database hits for the 2 sequence reads (from EukA and EukB) of a given clone were consistent. Only those clones with consistent BLAST hits were used, which allowed us to not only eliminate chimera sequences, but also obtain a robust taxonomic affiliation that is in par with assignment by phylogenetic trees. This assignment was sometimes straightforward, e.g. with reads JF275122 and JF275123, where Myrionecta rubra was clearly a good match for this clone because for both reads, other BLAST hits in the list were less defined taxonomically, but still appropriate for this ciliate (uncultured alveolate, uncultured freshwater eukaryote, uncultured marine eukaryote, uncultured marine Mesodiniidae). Conversely, it was sometimes impossible to obtain this level of taxonomic detail, e.g. with reads JF275116 and JF275117, for which BLAST lists contained a wide range of diatom species (e.g. Cyclostephanos invisitatus, Stephanodiscus minutulus, Cyclotella bodanica, Minidiscus trioculatus, Thalassiosira aestivalis), with no actual matching top hits for the 2 reads. In this case, it was impossible to designate with confidence a specific diatom species to this clone and assignment was done at the class level (i.e. diatom). Nonetheless, for most diatom sequences in our analysis, both reads uncovered matching diatom species as top BLAST hits and it was therefore possible to specify a genus (e.g. JF275114− JF275115 assigned as Skeletonema marinoi). To focus the analysis on unicellular eukaryotic assemblages (henceforth referred to as protist assemblages), 18S rRNA gene sequences belonging to multicellular organisms (e.g. copepods) were removed. This stringent processing of our sequences resulted in 35 to 81 assigned protist clone sequences per sample (see Appendix Table A1 ) for our final class-level analysis. The low coverage for the pre-ETM bottom water clone library (35 sequences) was due to the removal of many copepod sequences. Appendix Table A2 provides the accession numbers of all partial 18S rRNA gene sequences obtained during this study that have been submitted to GenBank (JF275104− JF275843).
Pigment analysis
Suspended particulate matter was collected by filtering water (100−300 ml) through pre-weighed GF/F filters (25 mm ∅, Whatman). The filters were then folded, wrapped in aluminum foil, and stored at −20°C in the dark until needed for photosynthetic pigment (chlorophylls and carotenoids) analysis by the high performance liquid chromatographic (HPLC) method of Wright et al. (1991) . Briefly, pigment samples were cold-extracted (−15°C) in poly propylene centrifuge tubes using a fixed volume of 90% acetone in water (v/v). Chromatographic separations were made using a reverse-phase column (Allsphere C8, 25 cm × 4.6 mm ∅, Grace) and diode array detection at 436 nm. Quantification was accomplished using response factors for authentic standards of chl a and fucoxanthin and the integrated peak area for each in the sample. No authentic standard for alloxanthin was available; thus, quantitative data for this carotenoid is reported in fucoxanthin-equivalents.
Particulate organic carbon and nitrogen
Suspended particulate matter for elemental (total organic carbon: POC, total nitrogen: PN) analysis was obtained by filtering 100−300 ml of water onto a pre-combusted (12 h at 500°C) GF/F filter (25 mm ∅, Whatman). All filters were folded, tightly wrapped in aluminum foil and stored at −20°C until analysis. The POC and PN contents of the suspended particulate matter on the acid-fumed filters (Hedges & Stern 1984) were determined using an elemental analyzer (EA, Carlo Erba NA-1500) system that was set-up and operated as described by Verardo et al. (1990) .
RESULTS AND DISCUSSION
The Columbia River ETMs are commonly considered to be sites of enhanced transformation of allochthonous OM inputs, which during the summer are derived mostly from expired river-borne diatoms , Simenstad et al. 1994 , Small & Morgan 1994 , Crump & Baross 1996 , Prahl et al. 1997 , Crump et al. 1998 , 1999 , Sullivan et al. 2001 ). Although our biogeochemical data confirm that ETMs contain OM that is mostly composed of chl apoor POC, our molecular study of protist assemblages allows a clearer characterization of the contribution of other OM sources to the Columbia River ETM.
Elevated suspended particulate matter concentrations (85 mg l −1 ) confirmed the optical measurements of high turbidity in the peak ETM bottom water (Table 1 , Fig. 2 ) and indicated that the August spring flood tide ETM event of the current study could be considered moderate according to the classification of Small & Morgan (1994) . As expected for late summer, the peak ETM bottom water had high levels of POC and PN (2.6 and 0.3 mg l Table 1 ). Given that ratios of chl a:POC for healthy phytoplankton range from 10−30 mg g −1 , such a low ratio suggests that the majority of the particulate OM in the ETM is Table 1 . Physical, biogeochemical and biological characteristics of bottom waters collected in August 2007 in the Columbia River estuary south channel throughout a spring flood tide estuarine turbidity maximum (ETM), as well as of surface water sampled during the peak of bottom turbidity. nd: not determined. Fig. 2 ) agree well with prior findings in that the majority of the particulate OM of spring tide ETM is made of chl a-poor POC. Furthermore, all 3 approaches used to assess diatom abundances (light microscopy, pigment analysis and 18S rRNA gene sequencing) confirmed an increase in diatoms in peak ETM bottom waters compared to non-ETM waters (Tables 1 & A2, Fig. 3) . Counts of live cells and empty frustules (261 and 163 cells ml (Table 1) . It should be noted that although fucoxanthin is present in a variety of algal taxa, this pigment is most commonly associated with diatoms and is thus frequently used in biogeochemical studies as a chemotaxonomic marker for diatoms (Goodwin 1971 , Sullivan et al. 2001 . Diatom sequences were also most prevalent in the peak and post-ETM bottom water clone libraries, representing half of all protist clones (Fig. 3, Table A2 ). Interestingly, when normalized to POC, fucoxanthin concentrations were lowest in high turbidity water (24 µg gPOC −1 compared to 27−50 µg gPOC −1 for other samples), hence suggesting enhanced cell degradation (and thus again enhanced pigment degradation) in peak ETM bottom water. All these data, which now also include a widely used approach in environmental microbiology, i.e. sequencing of the small-subunit ribosomal gene, support the earlier biogeochemical findings of a largely diatom dominated particulate OM of the Columbia River ETM during the summer. Our limited biogeochemical dataset cannot distinguish between degraded marine or freshwater phytoplankton debris. However, given that a riverine origin for the particulate OM of ETMs has been demonstrated (Prahl et al. 1997) , it is highly likely that the chl a-poor POC signal detected in this spring tide ETM OM was derived mostly from freshwater diatom inputs.
In contrast to prior biogeochemical studies, the analysis of 18S rRNA gene sequences allowed the phylogenetic resolution of most live or recently dead diatoms at the genus level, and at times even at the species level, enabling us to speculate on the origin (marine or freshwater) of protistan organisms in the ETM. Diatoms are particularly good environmental indicators and have been extensively used both as living and fossil forms (Stoermer & Smol 1999) because they (1) are cosmopolitan and abundant, (2) boast a high diversity of species each with a narrow ecological preference, and (3) are also relatively persistent due to the slow rate of silicate frustule decay. A high number of sequences from the marine diatom Thalassiosira was detected in all bottom water 18S rRNA gene clone libraries (21 to 45% of total diatom clones, Table 2 ), while sequences of the small centric diatom Cyclotella dominated (52%, Table 2 ) the diatom assemblage of the surface water collected during the peak of the ETM. Diatoms of the genus Cyclotella are found in both marine and freshwater environments but comprise distinct species in each system (Prasad et al. 1990 ). Sequences of the freshwater representative C. atomus were detected in all samples, but an additional sequence of the marine species C. meneghiniana was uncovered in the pre-ETM bottom water clone library (accession numbers JF275104 and JF275105 for EUKA and EUKB reads). With this data, it is possible to calculate the proportion of abundant marine to freshwater diatoms in our clone libraries and to relate these percentages to the turbidity values of the water sampled (Fig. 4) . A dominance of freshwater diatom sequences (77%) was observed in low turbidity surface water, while an abundance of marine diatom sequences (60 to 93%) was discovered in bottom waters which were all characterized by higher salinity values of 5.9 to 13.1 (Fig. 4) . The percentage of clones is not equal to the effective abundance of each diatom; however, these numbers likely reflect broad patterns of abundance and therefore indicate that some degree of mixing between river and ocean waters has occurred in all samples, including the surface water of low salinity value of 0.9 (Table 1, Fig. 4 ). Besides having a high frequency of freshwater diatom se quences (Fig. 4) , the surface samples also possessed a typical protist and microbial assemblage according to the microscopical analysis (diatoms, Cyanobacteria and chlorophytes; freshwater phytoplankton community. Thus, the molecular findings presented here support the notion that estuarine surface water particulate OM is mostly composed of freshwater diatoms. These data, however, suggest that the live or recently dead diatoms (those with undamaged DNA) in all our estuarine bottom water samples, and more noticeably in the turbidity maxima, were mostly of marine origin. Therefore, in light of the biogeochemical and molecular data presented in this study, we can conclude that during late summer spring flood tides, the fresh labile particulate OM fraction of the ETM has a marine origin; however, this marine signal is overwhelmed by a large amount of more refractory particulate OM (as discussed above in the discussion), which is likely of freshwater origin (biogeochemically aged chl a-poor POC, the DNA within which is too damaged to be detected by molecular analysis).
In support of this idea that older particulate OM does not contain detectable undamaged DNA, it is noteworthy that the highest POC:PN ratio, which is a putative indicator of the potential for DNA degradation vs. POC (because N, and hence DNA, is degraded first), was calculated for the peak ETM bottom water (Table 1) , thus indicating significant degradation of the bulk of the particulate OM. This is in keeping with previous reports of enhanced microbial remineralisation in the turbidity maxima of the Columbia River estuary (Crump & Baross 1996 , Crump et al. 1998 , Crump et al. 1999 . Protists that are highly susceptible to lysis because of environmental pressures (e.g. a change in salinity) would likely be more prone to DNA degradation. A comparison of molecular and microscopy data is beyond the scope of this study and has, in fact, been discussed thoroughly elsewhere (e.g. McManus & Katz 2009 ). However, it is important to note that sequences of the cosmopolitan marine diatom Chaetoceros were not uncovered in our clone libraries, while microscopy-based analyses have reported the presence of this taxon in the Columbia River estuary salt wedge and plume (Haertel et al. 1969 , Amspoker & McIntire 1986 . This absence likely highlights differences in the levels of detection achieved between the 2 methods. For example, 400 species of this diatom have been described based on morphological characteristics, while only 49 smallsubunit ribosomal gene sequences related to 24 species (or strains) of this protist were deposited in the NCBI database on 5 August 2010. Nonetheless, in accordance with recent molecular studies from a range of aquatic systems (e.g. Diez et al. 2001 , López-García et al. 2001 , Moon-van der Staay et al. 2001 , Savin et al. 2004 , Lefranc et al. 2005 ), the present study detected higher levels of protist diversity at the class level by 18S rRNA gene sequencing than by light microscopy; for example, the presence of microeukaryotes such Myrionecta rubra or Katablepharis (see below in the discussion) were only uncovered in clone libraries.
Our samples were collected during a bloom of the photosynthetic ciliate Myrionecta rubra in the Co lumbia River estuary (Herfort et al. 2011) . Interestingly, relatively high proportions of M. rubra sequences were detected in pre-and increasing ETM bottom waters (23 and 15%, respectively; Fig. 3 ), although this ciliate was not observed by microscopy in any of our samples and the concentrations of its diagnostic cryptophyte chloroplast pigment, alloxanthin (Goodwin 1971), remained low in most of the samples represented in our dataset (0.03−0.06 µg l −1 ) ( Table 1) . To place these numbers into perspective, in a surface water sample that was collected in the north channel of the estuary on 21 August 2007 and which also contained no visible M. rubra cells by light microscopy (Herfort et al. 2011) , the proportion of M. rubra sequences in the 18S rRNA gene clone library was slightly lower (14%) but the alloxanthin concentration was more than double (1.9 µg l −1 ) those reported here for bottom waters (Table 1) Data used for this analysis is given in Table 2 levels of diagnostic pigment. While microscopic observations allowed for only a limited volume of sample for investigation and could thus introduce a bias when compared with molecular measurements, these extremely low concentrations of alloxanthin bolsters the argument that although M. rubra DNA was present, it was not associated with photosynthetic cells. It is unlikely that this M. rubra DNA signal in pre-and increasing ETM waters was generated from an encysted population (such as has been reported for Antarctic saline lakes during times of low ciliate abundance in the water column; Bell & Laybourn-Parry 1999) because cysts would be expected to be predominantly found in peak ETM water since ETMs are sites of particle accumulation (unless the cysts were undergoing production during the bloom, in which case, they might not have had time to become established in the sediment). Admittedly, ETMs are dynamic traps characterized by high particle selectivity, with conceivable differences in the timing of maximal accumulation of specific particles relative to the bulk. However, the relatively high proportions of M. rubra sequences detected with more freshwater non-turbid conditions (salinity of 0.9-10.3 and turbidity of 2.1-5.4 NTU) and not with elevated turbidity (Fig. 5 ) suggest a link between this sequence signal and the on-going M. rubra bloom that was occurring at the time in the lower Columbia River estuary rather than a direct association with the ETM event. In support of this, the estuarine bottom water M. rubra DNA signal detected here had the same internal transcribed spacer (ITS) sequences as that of the Columbia River estuary bloom-forming M. rubra, although 5 haplotypes of the ciliate with different ITS sequences have been uncovered on the coast (Herfort et al. 2011) . Furthermore, the ETM studied here is a spring tide event and as such is associated with significant particle resuspension from the estuary bottom rather than particle trapping as is typical of neap tide ETMs (Small & Prahl 2004 ). This lack of OM accumulation in this spring tide ETM event likely explains why M. rubra sequences were not retrieved in our peak ETM bottom water clone library, although they were detected in all other bottom samples. It is likely that the typical bottom water estuary signal containing dead M. rubra cells found in other low turbidity samples was masked by a strong spring tide ETM signal that did not contain M. rubra DNA. The absence of M. rubra DNA during the spring tide resuspension event might also suggest that M. rubra might not have been blooming in the lower estuary during the preceding neap tide. Blooms are highly dynamic, with daytime accumulation of patches of motile and phototactic ciliate cells at or near the surface of the water column, thus creating impressive red tides (Lindholm 1985 , Fenchel & Hansen 2006 ; however, cell abundance deeper in the water column may be much reduced. Hence, it is not surprising that high numbers of intact Myrionecta rubra cells were not detected by microscopy or pigment analysis of bottom waters, although our bottom water samples were collected during a bloom period (and red water surface patches were observed at this site several times that day). The molecular method seems to be a more sensitive approach for the detection of dead M. rubra cells (either intact cells that have 'lost' their cryptophyte chloroplasts and their readily identifiable shape, or lysed cells that have released floating or particle-attached M. rubra free DNA), and thus appears to be an essential tool for establishing sources of biogeochemical inputs to estuaries. Therefore, in contrast to most biogeochemical studies, our data suggests transient input of autochthonous OM (from M. rubra red tide bloom decay) to the Columbia River estuarine bottom OM pool. This input of autochthonous OM might be particularly important for the overall Columbia River estuary OM budget since the late summer M. rubra bloom is a recurrent event that affects the entire lower estuary (Herfort et al. 2011) .
A few sequences (4 to 9%, Fig. 3 ) of the small (5 µm) colorless heterotrophic flagellate Katable- Although Katablepharis has been found in marine, estuarine, and freshwater environments (Ploug et al. 2002 , Domaizon et al. 2003 , Slapeta et al. 2006 ), a riverine origin in the summer can be ruled out because sequences of the flagellate were neither detected in the surface freshwaters collected in the south channel of the estuary in August 2007 in our study (surface ETM peak, Figs. 3 & 5) and that of P. Kahn (unpubl.), nor in the low-salinity pre-ETM bottom water of our time series (Figs. 3 & 5) . Despite being associated with more saline waters in our dataset (salinity of 10.3 to 13.1, Fig. 5 ), the idea of a marine origin in the summer can also be rejected because sequences of this flagellate were not found in the estuarine non-ETM mid-salinity samples of P. Kahn (unpubl.) in August 2007 (salinity: 14.0, depth: 12.0 m) or September 2008 (salinity: 13.6, depth: 0.6 m). This suggests that the presence of Katablepharis sequences discovered in the water as the ETM developed is connected to the ETM event itself; in fact, Katablepharis sequences were associated with higher turbidity bottom waters (Fig. 5) . Therefore, Katablepharis DNA seems to be somehow retained (perhaps as cysts) in the Columbia River ETMs during periods when this flagellate is not abundant in the estuary water column. The Columbia River ETMs thus appear to not only be important sites for prokaryotic assemblages, hosting active and unique particleattached bacteria (Crump et al. 1999 ), but to be also exploited by the unicellular eukaryotic assemblage, acting as refugia for ecologically relevant protists such as the well-known bacterivore Katablepharis.
CONCLUSION
By adding molecular analysis of protist assemblages to the traditionally used biogeochemical and microscopic approaches to study the OM of waters collected throughout the development of a Columbia River ETM during a late summer spring flood tide, we have uncovered multiple sources contributing to the OM of the ETM. These findings are summarized in Fig. 6 . Together, the 3 approaches (biogeochemical, microscopic and molecular) confirm data from prior studies indicating that (1) a large proportion of the particulate OM in the pre-, peak and post-ETM bottom waters is derived from diatoms as well as refractory OM with chl a-poor POC, and (2) ETMs are traps for particulate OM since more diatoms and POC were detected in the peak ETM than in pre-or post-ETM bottom waters. This refractory particulate OM signal (that can only be examined by biogeochemical, and not by molecular analyses because the constituent DNA appears to be too damaged) is likely the ETM chl a-poor POC of freshwater diatom origin reported by previous biogeochemical studies (grey dots in Fig. 6 ). In contrast, but still in agreement with prior reports, our biogeochemical, microscopic and nucleotide sequence data have also shown that the low salinity (0.9) surface water collected during the peak of bottom turbidity contained a healthy riverine phytoplankton assemblage dominated by freshwater diatoms, predominantly Cyclotella atomus. A closer inspection of the phylogeny of the diatoms detected by 18S rRNA gene sequencing uncovered evidence that the fresh labile particulate OM fraction of all bottom waters collected as the ETM developed had mainly a marine origin, being predominantly derived from the diatom Thalassiosira. Nonetheless, some small, but significant labile freshwater diatom inputs were also present in the lower salinity (5.9) pre-ETM bottom water. These labile freshwater and marine diatom inputs are symbolized in Fig. 6 by green and blue dots, respectively. In addition, DNA from mostly dead Myrionecta rubra cells from red tide bloom decay (either from intact cells that have 'lost' their Ad va nc in g sa lt w ed ge Fig. 6 . Schematic of the Columbia River estuary particulate organic matter inputs during a late summer spring flood tide estuarine turbidity maximum (ETM), depicting the majority of organic matter being derived from refractory freshwater inputs in bottom waters as well as labile marine and estuary inputs cryptophyte chloroplasts or from free floating or particle-attached DNA released from dead cells) was detected primarily in the pre-ETM bottom water and to a lesser extent in surface peak ETM water. This suggests a transient input of autochthonous OM to the estuarine bottom OM pool and thus challenges the traditional view of the Columbia River estuary as being only characterized by an allochthonous source of OM. Furthermore, the discovery of a few Katablepharis 18S rRNA gene sequences associated with the ETM event during a period when this flagellate is not abundant in the estuary water column indicates that ETMs enable the retention of this microbial eukaryote in the Columbia River estuary. These labile estuarine OM inputs from M. rubra bloom decay and Kata blepharis retention are symbolized in Fig. 6 by red and orange dots, respectively. In summary, all the aforementioned findings imply multiple sources of OM to the Columbia River ETMs, which are thus sites of effective transformation of not only riverborne but also both marine and autochthonous (estuary) OM inputs, as well as refugia for ecologically relevant protists. This study highlights the need to combine molecular analysis and traditional biogeochemical approaches to further our understanding of dynamic aquatic ecosystems. Furthermore, while (1) analysis of protist assemblages past the species level was beyond the scope of this study and (2) Table A1 . Number of unicellular 18S rRNA gene sequences obtained from samples collected in August 2007 in the Columbia River estuary south channel throughout a spring flood tide estuarine turbidity maximum (ETM) that were used for calculating the percentages presented in Fig. 3 . Each entry represents consistent EUKA and EUKB sequence BLAST hits. The low coverage for the pre-ETM bottom water clone library (35 sequences) was due to the removal of many copepod sequences
